Embryology of the Cardiovascular System
The most sensitive period for cardiac development occurs between 3 1 2 to 6 1 2 weeks gestation. The cardiovascular system is the first organ system to reach a functional state. By the end of the third week, circulation of blood has begun, and the heart begins to beat in the fifth week.
AORTIC ARCHES
The third pair of aortic arches becomes the common carotid artery and the proximal parts of the internal carotid arteries (Fig. 1) . The left fourth arch forms part of the arch of the aorta. The right fourth arch forms the proximal part of the right subclavian artery. The right sixth aortic arch becomes the right pulmonary artery. The left sixth aortic arch forms the left pulmonary artery and the ductus arteriosus.
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DEVELOPMENT OF THE HEART
1. Sinus venosus: the caudal region of the primitive heart, which receives all blood returning to the heart from common cardinal veins, vitelline veins, and umbilical veins 2. Primitive atrium and ventricle 3. Bulbous cordis 4. Truncus arteriosus: dilates to form the aortic sac from which the aortic arches arise.
The heart tube grows rapidly, bending on itself because it is fixed at its cranial and caudal ends (Fig. 2) . The bending forms a U-shaped bulboventricular loop. The sinus venosus is initially a separate chamber that opens into the right atrium.
RIGHT ATRIUM
The left horn of the sinus venosus becomes the coronary sinus. The right horn is incorporated into the wall of the right atrium (forms a smooth portion of the adult right atrial wall). The right half of the primitive atrium persists as the right auricle.
LEFT ATRIUM
The left atrium is formed by incorporation of the primitive pulmonary vein. As the atrium grows, parts of this vein and its branches are absorbed. Four pulmonary veins eventually enter the left atrium from the lungs. The smooth wall of the left atrium is from the absorbed pulmonary vein. The left auricle is from the primitive heart.
DIVISION OF THE PRIMITIVE ATRIUM
The septum primum grows from the dorsal wall of the primitive atrium and fuses with the endocardial cushions. Before the fusion of the septum primum, a communication exists between the right and left halves of the primum atrium through the ostium primum or foramen primum. As the septum primum fuses with the endocardial cushions (obliterating the foramen primum), the superior part of the septum primum breaks down, creating an opening called the foramen secundum. As this foramen develops, another membranous fold, the septum secundum, grows into the atrium to the right of the septum primum. The septum secundum overlaps the foramen secundum, the opening of the septum primum. There is also an opening between the free edge of the septum secundum and the dorsal wall of the atrium-the foramen ovale. 2
FOUR-CHAMBERED HEART
During the fourth and fifth weeks of fetal development, the division of the four chambers occurs. 
DIVISION OF THE ATRIOVENTRICULAR CANAL
Endocardial cushions develop in the atrioventricular region of the heart. The cushions grow toward each other and fuse to divide the atrioventricular canal into right and left canals ( Fig. 3 ).
FORMATION OF THE VENTRICLES
The left ventricle is formed from the primitive vein. The right ventricle is formed from the bulbous cordis. The interventricular septum begins as a ridge in the floor of the primitive ventricle and slowly grows toward the endocardial cushions. Until the seventh week, the right and left ventricles communicate through a large interventricular foramen. Closure of the inter-ventricular foramen results in the formation of the membranous part of the interventricular septum.
PARTITIONING OF BULBOUS CORDIS AND TRUNCUS ARTERIOSUS
The division of this part of the heart results from the development and fusions of the truncal ridges and bulbar ridges. Fused mesenchymal ridges form the aorticopulmonary septum, which divides the truncus arteriosus and bulbous cordis into the ascending aorta and pulmonary trunk.
Fetal Cardiac Circulation and Physiology
Blood flow patterns in the fetus are different than after birth. 3 Communication is open between the right and left sides of the heart through the foramen ovalae and between the aorta and the pulmonary artery through the patent ductus arteriosus. It is necessary to know these communication pathways to appreciate the cardiac function of the fetal heart.
Before birth, the oxygenated blood returns by way of the umbilical vein from the placenta to the heart. Approximately half of the blood passes through the hepatic sinusoids, whereas the remainder bypasses the liver to go through the ductus venosus into the inferior vena cava ( Fig. 4 ).
Blood flows from the inferior vena cava and enters the right atrium. Blood in the right atrium is less oxygenated than blood in the umbilical vein. Some of this caval blood is directed by the lower border of the septum secundum (the crista dividens) through the foramen ovale into the left atrium. It mixes with a small amount of deoxygenated blood returning from the lungs via the four pulmonary veins into the left atrium. The blood then flows into the left ventricle and leaves through the ascending aorta.
The remaining blood in the right atrium mixes with deoxygenated blood from the superior vena cava and coronary sinus. This blood flows into the right ventricle through the tricuspid valve and leaves through the pulmonary artery. Most of this blood passes through the patent ductus arteriosus into the descending aorta. Only a very small amount goes to the lungs. Most of the mixed blood in the descending aorta passes into the umbilical arteries and is returned to the placenta for reoxygenation. The remainder of the blood circulates through the lower part of the body.
After birth, the circulation of the fetal blood through the placenta ceases and the neonatal lungs begin to function. The fetal cardiac structures that no longer are needed are the foramen ovale, the ductus arteriosus, the ductus venosus, and the umbilical vessels.
Omission of the placental circulation causes an immediate fall of blood pressure in the newborn's inferior vena cava and right atrium. As the lungs expand with air, there is a fall in the pulmonary vascular resistance. This causes an increase in pulmonary blood flow and a progressive thinning of the walls of the pulmonary arteries. Thus, the pressure in the left atrium becomes higher than that in the right atrium, causing the foramen ovale to close. With time, complete closure of the foramen occurs from the adhesion of the septum primum to the left margin of the septum secundum.
The ductus arteriosus usually constricts shortly after birth, once the left-sided pressure exceeds the rightsided pressure. Often, there is a small shunt of blood from the aorta to the pulmonary artery until these pressures adjust to neonatal life. The ductus turns into the ligamentum arteriosum in neonatal life.
The umbilical arteries also constrict after birth to prevent blood loss from the neonate. The umbilical vein may remain patent for some time after birth.
The normal fetal heart rate is between 120 and 160 beats per minute (bpm). In the first trimester of pregnancy, the heart rate begins around 90 bpm and increases to 170 bpm before returning to a normal rate and sinus rhythm. If the heart rate is too slow (< 60 bpm), it is called bradycardia. A heart rate > 200 bpm is termed tachycardia.
Summary
The use of this three-dimensional model of the fetal cardiac anatomy can be a teaching tool for understanding anatomical relationships and cardiac circulation during fetal life and postdelivery. 4 It may also be used when discussing abnormal development of the heart (i.e., what happens to the left ventricle when mitral stenosis or aortic atresia develops?).
Students have a visual model to help them understand transducer positions necessary to obtain a fourchamber, short-axis, or long-axis view of the heart.
Appendix: Playdough Construction of the Heart
Right and left atria • The atria are the filling chambers of the heart. • Roll one 3-in. blue ball for the right atrium. • Roll one 3-in. red ball for the left atrium. • Gently, with your thumb, make a smooth indentation in each of the balls (atria). • Connect the two balls to form the interatrial septum. Right and left ventricles • The ventricles are the pumping chambers of the heart. • Use blue for the right ventricle and red for the left ventricle. • Form an egg shape at least two times as large as the atria. • With your thumb, gently make an indentation to represent the cavity.
Ventricular wall
• The ventricle has three layers that compose the wall: endocardium, myocardium, and epicardium. The heart lies within the pericardial cavity or sac. • The ventricular walls are thicker than the atrial walls.
Interventricular septum
• The interventricular septum separates the right and left ventricles. The lower part of the septum, also called the muscular septum, develops first; it grows from the apex of the heart toward the crux of the heart. It is much thicker than the upper part of the septum. • The upper or membranous septum is thin; it lies just inferior to the outflow tracts. • Gently put the two egg-shaped ventricles together to form the interventricular septum.
Crux of the heart • Now place the two atrial chambers above the two eggshaped ventricles. • Remember to seal all "holes" in the area of the endocardial cushion. This forms the crux of the heart.
Tricuspid valve
• This valve separates the right atrium from the right ventricle. It comprises an annulus (a ring-like structure that forms the upper part of the valve) and three triangular-shaped leaflets: anterior, posterior, and septal. The leaflets are named according to where they are positioned in the heart. • Make three triangular leaflets. • Join these leaflets to the annulus ring and place at the level of the right atrium/right ventricle with the leaflet tips pointed into the right ventricle.
• The tricuspid valve is positioned slightly lower (toward the ventricular apex) than the mitral valve.
Mitral valve
• This valve separates the left atrium from the left ventricle. • It comprises an annulus and two triangular-shaped leaflets: anterior and posterior. • The anterior leaflet is longer than the posterior leaflet (which is wider and shorter). • Make two triangular leaflets. • Join these leaflets to the annulus ring and place at the level of the left atrium/left ventricle with the leaflet tips pointed into the left ventricle.
Chordae tendonae • The chordae tendonae are string-like fibrous structures that attach the ends of the valve leaflets to the papillary muscles to the papillary muscles in the right and left ventricles. • Make the chordal strings from yellow dough. They should be multiple and very fine structures.
Papillary muscles
• Papillary muscles are attached to the ventricular wall and the chordae tendonae. Their purpose is to keep the chordae tendonae taut so the leaflets do not billow into the atrial cavities during left ventricle contraction. They help pull the valves to open with cardiac relaxation (diastole). • Make the papillary muscles from yellow dough. They should be placed near the lower part of the right and left ventricular cavities (toward the apex). • The papillary muscles correspond to the number of valve leaflets (i.e., three in the right ventricle and two in the left ventricle).
Aorta
• The aorta delivers oxygenated blood from the left ventricle to the rest of the body. • The "root" of the aorta has three semilunar cusps (right, left, and noncoronary) and two main coronary arteries arising from the right and left cusps to supply blood to the myocardium of the heart.
• The ascending aorta is posterior to the pulmonary artery. • The ascending aorta "arches" near the upper part of the chest. It delivers blood to the head and upper body through three main branches: brachiocephalic, carotid, and left subclavian. • The descending aorta begins at the level of the left subclavian and moves posterior and inferior through the chest. • The point at which the descending aorta crosses through the diaphragm is when it becomes the abdominal aorta. • The abdominal aorta supplies the abdomen, bowel, lower body, and extremities. • Make the aorta, semilunar cusps (right, left, and noncoronary), ascending aorta, arch, and descending aorta from red dough. • The semilunar cusps are made with three small triangles. • Gently make a cup-like indentation in each triangle. • Carefully mold the triangles together to form a circle at the root of the aorta. The indentations (semilunar shape) should face toward the ascending aorta.
Pulmonary artery • The pulmonary artery removes unoxygenated blood from the right ventricle (after birth).
• It bifurcates into the right and left pulmonary arteries to deliver blood to each lung. • The blood is returned from the lungs through the four pulmonary veins into the left atrium. • Make the pulmonary artery with its bifurcation from blue dough. • The three semilunar cusps have half-moon-shaped leaflets: anterior, right, and left. • These cusps help prevent backflow of blood into the right ventricle. • The pulmonary artery lies anterior to the aorta. • The right pulmonary artery is posterior to the arch of the aorta.
